An association between lymph node metastasis and poor prognosis in breast cancer was observed decades ago. However, the mechanisms by which tumor cells infiltrate the lymphatic system are not completely understood. Recently, it has been proposed that the lymphatic system has an active role in metastatic dissemination and that tumor-secreted growth factors stimulate lymphangiogenesis. We therefore investigated whether SIX1, a homeodomain-containing transcription factor previously associated in breast cancer with lymph node positivity, was involved in lymphangiogenesis and lymphatic metastasis. In a model in which human breast cancer cells were injected into immune-compromised mice, we found that SIX1 expression promoted peritumoral and intratumoral lymphangiogenesis, lymphatic invasion, and distant metastasis of breast cancer cells. SIX1 induced transcription of the prolymphangiogenic factor VEGF-C, and this was required for lymphangiogenesis and lymphatic metastasis. Using a mouse mammary carcinoma model, we found that VEGF-C was not sufficient to mediate all the metastatic effects of SIX1, indicating that SIX1 acts through additional, VEGF-C-independent pathways. Finally, we verified the clinical significance of this prometastatic SIX1/VEGF-C axis by demonstrating coexpression of SIX1 and VEGF-C in human breast cancer. These data define a critical role for SIX1 in lymphatic dissemination of breast cancer cells, providing a direct mechanistic explanation for how VEGF-C expression is upregulated in breast cancer, resulting in lymphangiogenesis and metastasis.
Introduction
The Six family member, Six1, was first identified as a mammalian homolog of the Drosophila sine oculis (so) gene and is highly conserved in numerous invertebrate and vertebrate species (1) . The Six1 gene encodes a homeodomain-containing transcription factor that is highly expressed in multiple tissues throughout embryogenesis, in which it plays an important role in the expansion of progenitor cell populations, in part through its ability to activate known regulators of the cell cycle, such as c-Myc (2, 3) and Gdnf (4) . In most adult tissue, Six1 is not highly expressed; however, increased Six1 expression has been documented in multiple cancers. Importantly, reexpression of Six1 in cancer can transcriptionally activate a set of protumorigenic genes, including cyclin D1, c-Myc, and Ezrin in rhabdomyosarcoma cells (5) as well as cyclin A1 (6) and type I transforming growth factor-β receptor (7) in mammary epithelial and breast cancer cells, and its overexpression is transforming both in vitro and in vivo (8, 9) . In addition, SIX1 overexpression correlates with poor prognosis in numerous tumor types, including breast cancer (10) , suggesting that it plays an important role not only in tumorigenesis, but also in metastasis. Indeed, SIX1 is critical for metastasis in different models of cancer, including rhabdomyosarcoma (11), hepatocellular carcinoma (12) , and breast cancer (10) . Using an experimental metastasis model, we recently demonstrated that SIX1 plays a role in the later stages of metastasis through its ability to upregulate TGF-β signaling (10) . However, because SIX1 overexpression in MCF7 cells leads primarily to lymphatic metastasis in an orthotopic mouse model of mammary cancer, we hypothesized that it may additionally promote early stages of metastasis, such as the spread of tumor cells to the lymphatics.
The presence of tumor cells in regional lymph nodes (RLNs) is the main negative prognostic factor for breast cancers (13, 14) . However, the mechanism by which tumor cells reach RLNs is still a subject of debate, as this may occur due to increased invasiveness of tumor cells, interactions between the tumor cells and the microenvironment, or merely by passive transport of the tumor cells via the preexisting lymphatic vessels. Nonetheless, growing evidence suggests that lymph node metastases may be facilitated by tumorstimulated lymphangiogenesis, the formation of newly developed lymphatic vessels within or surrounding the neoplastic lesion (15) . Indeed, several animal studies have demonstrated that a range of lymphangiogenic growth factors, such as VEGF family members, FGF, or PDGF, are able to induce lymphangiogenesis or promote lymphatic metastasis (16) (17) (18) (19) . Importantly, clinical evidence supports the role of VEGF family members as the major lymphangiogenic regulators, because they are often associated with lymph node metastasis or lymphatic vessel density in breast carcinoma (20) (21) (22) . VEGF-C and VEGF-D are specific lymphangiogenic factors, acting via activation of the VEGFR-3, which is expressed primarily on lymphatic endothelial cells. In lymphatic development, VEGF-C is required to trigger the sprouting of lymphatic vessels (23) , while VEGF-D-deficient mice have no obvious lymphatic phenotype (24) . These data suggest a predominant role for VEGF-C in stimulating lymphangiogenesis during development. Although lymphatic vessels are quiescent under physiological conditions in most adult tissues, production of lymphangiogenic factors by tumor cells or by inflammatory molecules can trigger lymphangiogenesis. Indeed, overexpression of VEGF-C strongly promotes the growth of tumor-associated lymphatic vessels in an MCF7 orthotopic model of mammary carcinoma (25, 26) . Furthermore, in a second orthotopic model of breast cancer using MDA-MB-435 cells, overexpression of VEGF-C leads not only to a significant induction of intratumoral lymphangiogenesis, but also to RLN as well as distant lung metastases (27) . Together, these data demonstrate that VEGF-C is an important regulator of lymphangiogenesis and lymphatic dissemination in breast cancer. However, little is known about the mechanism by which VEGF-C is regulated during tumorigenesis.
In this study, we demonstrate that SIX1 induces lymphangiogenesis and lymphatic/distant metastasis in an orthotopic mouse model of mammary carcinoma and that it does so by transcriptionally regulating a potent lymphangiogenic factor, VEGF-C. We further demonstrate that 66cl4 mouse mammary carcinoma cells, which metastasize primarily through the lymphatics, are dependent on Six1 to induce VEGF-C, lymphangiogenesis, and lymphatic metastasis. Interestingly, restoration of VEGF-C in 66cl4 Six1 knockdown cells partially restores the ability of the 66cl4 cells to induce lymphatic metastasis but is not sufficient to restore distant metastases to the lungs. These data demonstrate that SIX1 is a powerful metastatic regulator that mediates metastasis via multiple mechanisms, including but not limited to its ability to induce VEGF-C. Importantly, we found that expression of SIX1 significantly correlates with VEGF-C in breast cancer cell lines as well as in human breast tumors, verifying the relevance of our findings in human disease. Together, our data provide a critical mechanism by which VEGF-C is upregulated in human breast cancer, leading to the induction of lymphangiogenesis and ultimately distant metastasis.
Results

SIX1 overexpression leads to increased tumor-associated lymphangiogenesis and lymphatic invasion.
We previously demonstrated that overexpression of SIX1 in the poorly aggressive human breast cancer cell line, MCF7, primarily induced lymphatic metastasis, with some distant metastasis, when cells were orthotopically injected into nude or NOD/SCID mice (ref. 10 and Supplemental Figure 1 ). This observation, coupled with the finding that SIX1 expression correlates with positive lymph node status in human breast cancer, led us to examine whether SIX1 could regulate lymphangiogenesis, thereby enhancing lymphatic metastasis. We thus examined MCF7-SIX1 and MCF7-control (MCF7-Ctrl) tumors for the presence of lymphatic vessels by staining tumor sections for Lyve-1 (hyaluronan receptor). Accordingly, MCF7-SIX1 tumors displayed an increased number of lymphatic vessels both within the tumors (intratumoral) and in the fibroinflammatory tissue adjacent to the tumor (peritumoral) ( Figure 1A ). Increased intratumoral lymphangiogenesis in MCF7-SIX1 tumors was also observed in more severely immunocompromised NOD/SCID mice (Supplemental Figure 2) . Furthermore, MCF7-SIX1 tumors exhibited a 5-fold increase in lymphatic invasion at the tumor periphery compared with that in the MCF7-Ctrl tumors ( Figure 1B ). These data demonstrate that SIX1 is able to induce lymphangiogenesis and further sug- SIX1 overexpression leads to increased tumor-associated lymphangiogenesis and lymphatic invasion. (A) SIX1-expressing tumors have an increased number of lymphatic vessels, both within the neoplastic mass (intratumoral) and within the surrounding fibroinflammatory tissue (peritumoral), compared with that in control tumors of the same size. Positive immunostaining (brown coloration, DAB) for the lymphatic marker Lyve-1 was used to identify lymphatic vessels. Representative examples of intratumoral (original magnification, ×400) and peritumoral (original magnification, ×200) lymphatic vessels, as indicated by the arrows (asterisks represent tumors). Quantification of Lyve-1-positive vessels in a subset (n = 12) of the tumors. (B) Example of peritumoral lymphatic invasion by tumor cells (H&E stain; asterisk represents tumor cells; arrowheads represent lymphatic vessels) (original magnification, ×400). Quantification of the amount of peritumoral lymphatic invasion in histologic sections of MCF7-Ctrl and MCF7-SIX1 tumors. All tumors were fixed when they reached a volume of 2 cm 3 ; H&E-stained histologic sections were scored in a blinded manner by a pathologist. *P < 0.05. gest that SIX1-induced lymphangiogenesis may contribute to the ability of SIX1 to promote lymphatic metastasis.
SIX1 is a transcriptional regulator of VEGF-C. To determine the mechanism by which SIX1 promotes lymphangiogenesis, we examined previously obtained gene expression data sets from MCF7-SIX1 or MCF7-Ctrl cells (10) , as well as from MCF7-SIX1 and MCF7-Ctrl tumors, for tumor-related lymphangiogenic factors. Among the known lymphangiogenic factors, VEGFC was consistently upregulated in both MCF7-SIX1 cells and MCF7-SIX1 tumors compared with the MCF7-Ctrl cells and MCF7-Ctrl tumors (Figure 2A) . The SIX1-induced upregulation of VEGFC was confirmed in independent RNA samples using quantitative real-time PCR ( Figure 2B) ; while the mRNA expression of 2 other reported major lymphangiogenic factors, VEGFA and VEGFD, was not significantly changed (Supplemental Figure 3) . Because SIX1 is a transcription factor, we examined whether it upregulates VEGFC via activating its promoter. Analysis of the activity of a VEGFC promoter-luciferase construct in response to increasing doses of SIX1 and its required cofactor EYA2 (2, 28) indicated that SIX1 can induce the VEGFC promoter in a dose-dependent manner ( Figure 2C ). Further inspection of the VEGFC promoter revealed 5 predicted SIX1 binding sites (2, 29) , suggesting that SIX1 directly activates VEGFC. To determine whether SIX1 binds to the VEGFC promoter in the context of chromatin, we performed ChIP assays. SIX1 and its cofactor EYA were transfected into MCF7 cells and DNA-protein complexes were immunoprecipitated using a SIX1-specific or control IgG antibody. Primers (see Supplemental Methods) spanning the 5 candidate SIX1 binding regions were then used to perform real-time PCR, along with PCR primers (see Supplemental Methods) that span a region upstream of the VEGFC promoter (-4486 to -4384 bp) with no predicted SIX1 binding site. These studies demonstrated that SIX1 binds primarily to 3 adjacent predicted binding sites on the VEGFC promoter ( Figure 2D ). However, due to the close proximity of these 3 sites to each other, and the concern that we were unable to distinguish whether binding occurred preferentially to one site versus the others, we further performed electromobility gel shift assays with wild-type sequences as well as with mutated competitors to identify whether SIX1 preferentially and specifically binds to 1 of the 3 sites identified in our ChIP assay. As shown in Supplemental Figure 4 , the central of the 3 sites (site at -1755 bp, Figure 2D ), which contains the core SIX1 binding sequence (TGATAC) and associated flanking regions, was specifically bound by SIX1. Taken together, these data demonstrate that SIX1 binds specific DNA sequences in the VEGFC promoter, both in vitro and in vivo, and that it directly activates VEGFC transcription. Because SIX1 transcriptionally regulates VEGFC, we further examined whether the increase in VEGFC mRNA lead to an increase in VEGF-C protein. Indeed, SIX1 overexpression in MCF7 cells resulted in increased secretion of VEGF-C protein into the medium, as detected using both ELISA and Western blot analysis ( Figure 2E ). In addition, increased VEGF-C protein was observed in the MCF7-SIX1 tumors compared with that in the MCF7-Ctrl tumors, while another related-lymphangiogenic factor, VEGF-D, was not detectable ( Figure 2F ).
VEGF-C mediates SIX1-induced lymphangiogenesis in vivo.
Mice injected orthotopically with MCF7-SIX1 cells display a similar lymphatic metastasis phenotype to those injected with MCF7 cells that overexpress VEGF-C (25, 26) , suggesting that SIX1 is dependent on VEGF-C to induce metastasis. To determine whether SIX1 depends on VEGF-C to promote lymphatic metastasis, we used 2 independent shRNAs to knockdown VEGF-C in the MCF7-SIX1 cells. In addition, we introduced a scrambled shRNA into both MCF7-Ctrl and MCF7-SIX1 cells to serve as an off-target control. Importantly, the VEGF-C knockdown restored VEGF-C levels to those observed in MCF7-Ctrl cells ( Figure 3 , A and B). MCF7-Ctrl scrambled knockdown (MCF7-Ctrl-scramble KD), MCF7-SIX1 scrambled KD (MCF7-SIX1-scramble KD), and MCF7-SIX1-VEGFC KD cells were labeled with Zsgreen to enhance our ability to visualize lymph node metastases. The cells were injected into the fourth mammary fat pad of nude mice, after which tumors were allowed to grow to a uniform size of 2 cm 3 . Primary tumors were examined for VEGFC levels by real-time PCR, confirming that VEGF-C knockdown was maintained in the tumors ( Figure 3C ). No difference in primary tumor growth was observed between MCF7-SIX1-scramble KD and MCF7-SIX1-VEGFC KD tumors (Supplemental Figure 5A ). However, knockdown of VEGF-C in MCF7-SIX1 tumors significantly reversed lymphangiogenesis, as measured by Lyve1 mRNA expression, nearly back to the levels observed in MCF7-Ctrl tumors ( Figure 3D ), demonstrating a dependence of SIX1 on VEGF-C to stimulate lymphatic vessel formation. Because Lyve-1 can in some instances be found on macrophage-like cells (30), we further confirmed that SIX1 depends on VEGF-C to increase the number of lymphatic vessels within a tumor by double staining the MCF7-SIX1-scramble and MCF7-SIX1-VEGFC KD tumors with both Lyve-1 and an additional lymphatic vessel marker, podoplanin (a mucin-type transmembrane glycoprotein expressed by lymphatic endothelial cells). A representative double immunofluorescence image is shown in Figure 3E . Areas that stained positively for both Lyve-1 and podoplanin were identified as lymphatic vessels in MCF7-SIX1-scramble KD and MCF7-SIX1-VEGFC KD tumors and were quantified using SlideBook software, conclusively demonstrating a decrease in lymphatic vessel formation (lymphangiogenesis) in MCF7-SIX1-VEGFC KD tumors compared with that in the MCF7-SIX1-scramble KD control tumors ( Figure 3F ).
SIX1 is dependent on VEGF-C to induce metastasis. Because increased VEGF-C and lymphangiogenesis are both associated with increased metastasis (15), we examined whether SIX1 is dependent on VEGF-C to mediate metastasis in our MCF7 orthotopic model of mammary cancer. We observed a decrease in distant metastases to the lungs, with 0% observable distant metastases found in animals bearing MCF7-SIX1-VEGFC KD tumors (0 out of 18), whereas 18% (4 out of 22) of animals bearing MCF7-SIX1-scramble KD tumors had observable distant metastases (identified by ZsGreen signal in the lung and selectively confirmed by histology; Supplemental Figure  5B ) (Table 1) . Clinically, the number of positive lymph nodes within a patient correlates with distant metastasis; therefore, we further analyzed whether the number of positive lymph nodes per mouse was altered with VEGF-C KD. While SIX1 overexpression in MCF7 tumors leads to an increase in the number of positive lymph nodes per mouse when compared with MCF7-Ctrl tumors, this increase is significantly diminished when VEGF-C is knocked down in the context of SIX1 overexpression (P = 0.0028, 2-tailed, Fisher's exact test) ( Table 1) . These data strongly support the hypothesis that SIX1-induced VEGF-C expression is necessary for lymphatic dissemination, ultimately resulting in distant metastasis.
Vegf-c expression is required for lymphatic and distant metastasis in the 66cl4 mouse mammary carcinoma model. Although levels of exogenous SIX1 protein in the MCF7 cells do not exceed endogenous levels of SIX1 seen in other human breast cancer cell lines, suggesting that SIX1 expression in our MCF7 model is within the physiologic range observed in cancer (Supplemental Figure 6) , we nonetheless sought a complementary model in which we knocked down Six1, rather than overexpressed it, to ensure that the phenotypes observed with SIX1 overexpression corroborate those seen in an endogenous context. Thus, we turned to the 66cl4 mouse mammary carcinoma model of metastasis. 66cl4 cells were derived as a subline from a spontaneous mammary carcinoma in Balb/c mice, and these cells metastasize to the lungs primarily through the lymphatics (as opposed to through the vasculature) (31) . Although it is known that 66cl4 cells metastasize mainly through the lymphatic system, the role of Vegf-c in mediating metastasis of 66cl4 cells has not previously been examined. To determine whether Vegf-c is required for 66cl4 cells to metastasize from the orthotopic site, we stably knocked down Vegf-c using 2 different shRNA containing constructs (Supplemental Figure 7 , A and B). 66cl4 scrambled KD (66cl4-scramble KD) and 66cl4-Vegf-c KD cells were then luciferase tagged to allow monitoring of metastasis in vivo over time. Forty days after injection of the cells into the fourth mammary fat pad of Balb/c mice, we observed a dramatic decrease in lung metastasis when Vegf-c was knocked down (6%, 1 out of 15 mice) compared with that in the 66cl4-scramble group, for which 100% of the mice had metastases (10 out of 10 mice), demonstrating that Vegf-c mediates the metastasis observed in this model (Supplemental Figure 7C ). However, it should be noted that we also observed differences in the growth rate of the primary tumors between Fisher's exact test (2 sided) indicates a significant decrease in the number of mice with multiple involved lymph nodes, if they were bearing MCF7-SIX1-VEGFC KD tumors as compared with MCF7-SIX1 tumors. In addition, distant metastasis was completely abrogated in mice bearing MCF7-SIX1-VEGFC KD tumors. A P = 0.0028.
the 66cl4-scramble KD and 66cl4-Vegf-c KD cells (Supplemental Figure 7D ), suggesting that tumor-associated Vegf-c regulates not only lymphatic/distant metastasis in this model but that it also regulates primary tumor growth.
Six1 is required for the induction of Vegf-c and lymphangiogenesis in vivo.
The 66cl4 mammary carcinoma cell line is an ideal model by which to examine whether tumor cells remain dependent on Six1 to promote lymphatic and distant metastasis. First, Six1 is highly expressed in this cell line, in contrast to its expression in the syngeneic but nonmetastatic 67NR cell line ( Figure 4A) . Importantly, the 66cl4 cells also expressed high levels of Vegfc as opposed to other Vegf family members (Figure 4 , B and C, and Supplemental Figure 8A) , and, as we demonstrated above, they were dependent on Vegf-c to mediate metastasis. Thus, to test whether Six1 regulates Vegfc in 66cl4 mouse mammary carcinoma cells and to further determine whether Six1 is required for metastasis in this system, we stably knocked down Six1 using 2 different shRNA constructs (Six1KD1 and Six1 KD2) ( Figure 4D . In support of our hypothesis, we observed decreased Vegfc expression in Six1 knockdown cells (Figure 4 , E and F) and no significant change of Vegfa or Vegfd expression (Supplemental Figure 8B) . To further strengthen the argument that Six1 transcriptionally regulates Vegfc in an endogenous setting, we performed a ChIP assay to determine whether endogenous Six1 binds to the mouse Vegfc promoter. Supplemental Figure 9 demonstrates that endogenous Six1 bound to a region within the mouse Vegfc promoter that contains 2 predicted Six1 binding sites, demonstrating that Six1 is bound to the Vegfc promoter in the mouse in addition to the human and that it thus likely regulates transcription of Vegfc in this endogenous context.
Control and Six1-knockdown cells were subsequently luciferase-tagged and injected into the fourth mammary fat pat of Balb/c mice. Forty days after injection, animals were sacrificed and tumors were analyzed. As expected, decreased Vegf-c levels were observed in 66cl4-Six1 KD tumors compared with those in the scramble control tumors ( Figure  4 , G and H). To determine whether decreased Vegf-c expression in Six1 KD tumors correlates with decreased lymphangiogenesis, tumors were double stained with Lyve-1 and MECA32 (mouse endothelial antigen-32, a marker of blood vessels), and intratumoral lymphangiogenesis was quanti- Original magnification, ×400. SlideBook software was used to quantify Lyve-1-positive, MECA32-negative regions in 66cl4-scramble and 66cl4-Six1 KD tumors. *P < 0.05; **P < 0.01; ***P < 0.001.
fied by measuring Lyve-1-positive and MECA32-negative staining. Indeed, knockdown of Six1 in 66cl4 cells resulted in decreased lymphangiogenesis in vivo ( Figure 4I ). To exclude the possibility that decreased Vegf-c in response to Six1 KD also plays a role in tumor-associated angiogenesis (32), 66cl4-scramble and Six1 KD tumors were stained with MECA32 and CD31 (PECAM-1, a marker strongly expressed by blood vessels). Quantification of the number of blood vessels demonstrated no significant difference in angiogenesis between 66cl4-scramble and Six1 KD tumors (Supplemental Figure 10) .
Vegf-c is sufficient to partially restore lymphangiogenesis and lymphatic metastasis in the absence of Six1 but is not sufficient to restore distant metastasis. Examination of metastases in mice bearing 66cl4-scramble
and 66cl4-Six1 KD tumors demonstrated a significant decrease in lung metastasis 40 days after orthotopic injection of the cells (Figure 5, A and B) . To confirm that the luminescence seen with IVIS
Figure 5
Six1 knockdown decreases distant metastasis, and the Six family member, Six2, likely compensates for loss of Six1. (A) Diagrammatic representation of the metastasis experiment performed in A-C, in which tumors were allowed to grow for the same amount of time before sacrifice. 66cl4-scramble or 66cl4-Six1 KD1/2 cells were injected into the fourth mammary fat pad of Balb/c mice, and metastases were measured weekly. (B) Representative bioluminescent imaging of Balb/c mice 40 days after injection of 66cl4-scramble or 66cl4-Six1 KD1/2 cells into the fourth mammary fat pad. Quantitation of distant luminescent signal, likely in lungs (yellow boxed region), in 66cl4-scramble and Six1 KD groups. p/s, photons per second. (C) Clonogenic assays were used to detect metastases in lungs of animals bearing 66cl4-scramble and 66cl4-Six1 KD tumors. Representative images from 66cl4-scramble and 66cl4-Six1 KD are shown. (D) Diagrammatic representation of the metastasis experiment performed in D-G, in which tumors were allowed to grow to the same size before sacrifice. 66cl4-scramble or 66cl4-Six1 KD1/2 cells were injected into the fourth mammary fat pad of Balb/c mice, and metastases were measured when tumor sizes were comparable. (E) Quantitation of bioluminescent imaging (photons per second) emanating from the region of lungs in Balb/c mice injected with 66cl4-scramble or 66cl4-Six1 KD1 and KD2 when tumors reached comparable sizes (day 46 for 66cl4-scramble and day 54 for 66cl4-Six1 KD1 and KD2). (F) Six1 expression was measured by real-time PCR in parental Six1 KD2 cells (in culture), Six1 KD2 cells retrieved from lungs of 3 individual mice, and 66cl4-scramble control cells retrieved from lung of 1 animal. The numbers over the bars represent Six2 expression fold change over the value of Scram. (G) Six2 expression was measured by real-time PCR in the above-mentioned cells. *P < 0.05; **P < 0.01.
imaging represented lung metastases, animals were sacrificed on day 40, and their lungs were dissected out. Lungs were then minced and collagenase digested, and the isolated cells were plated in the presence of 6-thioguanine, since 66cl4 cells are resistant to this drug (33) . Ten days after 6-thioguanine selection, colonies were stained with crystal violet to determine the number of 66cl4 metastatic cells that were present in the lungs. Strikingly, we observed a dramatic difference in the number of 6-thioguanine-resistant cells isolated from 66cl4-scramble and 66cl4-Six1 KD lungs (Figure 5C ). Together, these data demonstrate that Six1 plays a critical role in regulating Vegf-c levels and lymphangiogenesis and, most importantly, in regulating distant metastasis.
Interestingly, loss of Six1, similar to loss of Vegf-c, also resulted in a decrease in primary tumor growth (Supplemental Figure  11 ). This decrease in primary tumor growth rate due to Six1 KD could in part be due to the reduction of Vegf-c levels in the cells; however, as Six1 is known to regulate several proliferative pathways (3, 6) , the effects on proliferation are likely multifactorial. Clinically, larger tumor size is correlated with metastatic risk. To elucidate whether the decreased lung metastases observed in 66cl4-Six1 KD are due to a direct effect on metastasis and not due merely to alteration in tumor burden, we performed another set of experiments in which we injected 66cl4-scramble and 66cl4-Six1 KD1/2 cells orthotopically into Balb/c mice and then compared the metastatic burden when tumors reached the same size (Figure 5D and Supplemental Figure 12A ). In this experiment, only the group in which Six1 was most efficiently knocked down (Six1 KD1) showed a significant decrease in lung metastasis compared with the scramble KD control ( Figure 5E and Supplemental Figure  12B ). To determine whether Six1 knockdown was maintained in the other Six1 KD group (Six1 KD2) or whether the loss of the Six1 KD may explain the failure to diminish metastasis in this clone, we retrieved 66cl4 cells from the lungs of mice orthotopically injected with 66cl4-Six1 KD2 cells and performed real-time PCR for Six1 expression as well as for the expression of other Six family members. Surprisingly, although Six1 knockdown was maintained in retrieved cells (66cl4-Six1 KD2 cells), the expression level of Six2, a highly related Six family member, was increased in the metastatic lesions (Figure 5, F and G) . In contrast, no alterations in other Six family members were observed (data not shown). Our findings strongly suggest that Six1 directly influences metastasis when tumors are grown to the same size and further suggest that other Six family members, such as Six2, may compensate for loss of Six1 in mediating metastasis. Indeed, in the rare metastases observed in our Six1 KD1 clone, we also saw an increase in Six2 levels (Supplemental Figure 13) .
Finally, to determine whether Vegf-c is sufficient to induce lymphatic and distant metastasis downstream of Six1, we restored Vegf-c expression (Vegf-c rescue) to 66cl4-Six1 KD1 cells at a level comparable to that found in parental 66cl4-scramble cells ( Figure  6A ). 66cl4-scramble cells plus pcDNA, 66cl4-Six1 KD cells plus pcDNA, and 66cl4-Six1 KD cells plus Vegf-c were injected into the fourth mammary gland of Balb/c mice, and in vivo metastases were examined. Forty days after injection, neither the 66cl4-Six1 KD plus pcDNA nor the Six1 KD plus Vegf-c tumor-bearing mice developed obvious metastases in the lungs, as measured with IVIS imaging, whereas the 66cl4-scramble plus pcDNA control group developed significant metastases. Indeed, the 6-thioguanine colony assay did not detect a significant difference in colony formation in cells retrieved from the lungs of mice bearing 66cl4-Six1 KD plus Vegf-c rescue tumors, when compared with mice bearing 66cl4-Six1 KD plus pcDNA tumors ( Figure 6B ). However, Vegf-c rescue in Six1 KD tumors did lead to an increase in lymphangiogenesis (measure by Lyve1 expression) in the tumors ( Figure 6C ) as well as an increase in luciferase signal around axillary lymph node regions, in which metastases were confirmed using a 6-thioguanine assay of dissected lymph nodes ( Figure 6D and data not shown) . Thus, restoration of Vegf-c partially restored lymphangiogenesis and lymph node metastasis in the presence of Six1 KD. Interestingly, in addition to rescuing the lymphatic metastatic phenotype, Vegf-c expression in the context of Six1 KD also restored luciferase signal of the primary tumors back to that observed in the 66cl4-scramble tumors (Supplemental Figure 14) , suggesting that Vegf-c is required by the tumor cells for their viability, although it should be noted that it did not fully restore tumor size (data not shown). These data suggest that Vegf-c is important for Six1-induced lymphangiogenesis and lymphatic metastasis but that it is not sufficient to completely restore lymphangiogenesis to wild-type levels or to restore distant metastasis induced by Six1.
SIX1 and VEGF-C are coexpressed in breast cancer cell lines and in human breast malignancies. Based on our demonstration that SIX1
requires VEGF-C to induce metastasis, we examined whether the correlation between SIX1 and VEGF-C could be extended to additional breast cancer cell lines as well as to human breast cancer. Using Oncomine, expression values for SIX1 and VEGFC were retrieved from the Adai microarray data set (Genentech), and the expression data were plotted to perform a correlation analysis between SIX1 and VEGFC in breast cancer cell lines representing different histologic subtypes of breast cancer ( Figure 7A ). Spearman analysis performed on the plotted mRNA values for SIX1 and VEGFC demonstrates that there is a significant correlation between the expression of SIX1 and VEGFC in numerous breast cancer cell lines (Spearman r = 0.4162, P = 0.0129). It should be noted that expression of SIX1 and VEGFC is also correlated in ovarian cancer cell lines (Supplemental Figure 15) , implying that SIX1 may regulate VEGF-C/lymphangiogenesis in these cancers as well. However, (C) Model depicting the mechanism by which SIX1 promotes metastatic dissemination. Overexpression of SIX1 leads to increased VEGF-C and stimulates lymphangiogenesis, allowing for increased escape of tumor cells through the lymphatics and increased distant metastasis. However, SIX1 is also able to augment the later stages of metastasis of cancer cells that have traveled through the vasculature, thus contributing to metastatic spread via multiple mechanisms. An extension of this finding is that while inhibitors of the VEGF-C/VEGFR3 axis may prevent lymphatic spread, inhibitors of SIX1 are expected to inhibit metastasis at multiple stages, serving as powerful antimetastatic agents.
this observation remains to be experimentally proven. We further performed immunohistochemical analysis for SIX1 and VEGF-C on 110 cases of invasive ductal carcinoma and found a significant correlation between the presence of nuclear SIX1 and cytoplasmic VEGF-C (χ 2 test, P = 0.049; Figure 7B and Supplemental Figure  16 ). Together, these results strongly suggest that the regulation of VEGF-C by SIX1 is not confined to breast cancer cell lines but does occur in human tumors and provide an explanation for the previous finding that SIX1 expression correlates with lymph node-positive status in human breast cancer (10) .
Discussion
SIX1 is overexpressed in 50% of primary tumors and in an even
greater percentage (90%) of metastatic lesions, suggesting that it plays a role both in tumor initiation and progression. Indeed, SIX1 is transforming and metastasis-promoting in both transgenic and xenograft mouse models (8) (9) (10) . SIX1 likely induces transformation via its ability to increase proliferation (6), survival (34) , and genomic instability (8) . Prometastatic phenotypes induced by SIX1 include augmentation of TGF-β signaling, which results in an EMT and is required for SIX1-induced metastasis in an experimental metastasis model, in which late-stage metastasis is assessed.
In this study, we demonstrated that in addition to the roles that SIX1 plays in tumorigenesis and in later stages of metastasis, SIX1 also plays an important role in early-stage metastasis, particularly lymphatic metastasis, by inducing VEGF-C and stimulating lymphangiogenesis and lymphatic invasion.
Overexpression of VEGF-C has been implicated in a number of cancers (35) (36) (37) (38) , and its role in promoting lymphatic metastasis has been demonstrated in several VEGF-C overexpression animal models of mammary carcinoma (25) (26) (27) . Although growth factors have been found to regulate the expression of VEGF-C (39, 40) , here, we demonstrate for what we believe to be the first time that SIX1 can directly upregulate VEGFC through transcription and stimulate VEGF-C-mediated lymphangiogenesis in breast cancer cells, thereby contributing to lymphatic dissemination and distant metastasis. In addition, examination of gene expression data sets in Oncomine and staining of breast cancer tissue arrays demonstrates a correlation between SIX1 and VEGF-C in breast cancer.
It should be noted that the ability of SIX1 to regulate VEGF-C does not appear limited to cancers. For example, mouse embryo fibroblasts derived from Six1 knockout mice had lower Vegf-c levels when compared with wild-type mouse embryo fibroblast cells (Supplemental Figure 17A) . Furthermore, if SIX1 is ectopically expressed in normal but immortalized MCF12A mammary epithelial cells, VEGFC levels increased (Supplemental Figure 17B) . Together, these data strengthen our hypothesis that SIX1 is a bona fide regulator of VEGF-C. Most importantly, in this study, we provide what we believe to be the first direct mechanistic explanation of how VEGF-C, and thus lymphangiogenesis, is upregulated specifically in breast cancer.
Clinically, solid tumors (such as breast cancer) metastasize in part through the lymphatic system; live imaging of mice with orthotopic breast cancer has demonstrated that tumor cells metastasize to the lymph node (41) . Although lymph node metastasis itself is not life threatening, it has an important prognostic value in many types of cancers. However, the mechanism by which tumor cells reach the lymph node is not well understood. While some studies indicate the importance of the interaction among tumor cells and the lymphatic system and the possibility of passive transport of tumor cells through preexisting lymphatic vessels (42) , growing evidence suggests that tumor-induced lymphangiogenesis is also a mechanism by which tumor cells escape from primary sites. In contrast to tumor-associated angiogenesis, tumor-associated lymphangiogenesis is a relatively new and somewhat controversial field of study. First, the role of newly developed lymphatic vessels in the spread of tumor cells has been questioned due to the fact that tumor-stimulated lymphatic vessels may lack normal function (43, 44) . In addition, a subset of clinical observations suggest that tumor cells invade into preexisting lymphatic vessels to promote nodal metastases rather than through newly developed lymphatic vessels (45) . However, numerous clinical studies demonstrate a correlation between lymphatic vessel density and lymphatic metastasis in breast cancers (15) . Moreover, animal studies show that increased lymphangiogenesis correlates with increased lymph node/distant metastasis and, in addition, inhibition of tumor-induced lymphangiogenesis by treatment with the soluble VEGFR-3 receptor protein or VEGFR-3 blocking antibodies suppresses metastasis to RLNs as well as systematic metastases (25, 27, 46, 47) . In this study, we demonstrate that SIX1-induced lymphangiogenesis is dependent on its ability to induce VEGF-C and that the induction of VEGF-C by SIX1 is critical for its ability to induce lymphatic and distant metastasis. Interestingly, we observe that VEGF-C is necessary, but not sufficient, for SIX1-induced distant metastasis. Indeed, our studies suggest that additional factors regulated by SIX1 may be required to fully promote both lymphangiogenesis as well as to accomplish the later stage of metastasis. Since reconstitution of Vegf-c in 66cl4 KD cells only partially restored lymphangiogenesis, the question of whether lymphangiogenesis is sufficient for distant metastasis is still unanswered. Instead, it is possible that SIX1 influences factors in addition to VEGF-C that enhance lymphangiogenesis and that SIX1 also acts at other points in the metastatic cascade, such as EMT (10) . Nonetheless, it is clear from our data that VEGF-C and lymphangiogenesis are critical to the ability of SIX1 to induce metastatic spread.
The presence of tumor cells in the sentinel lymph node is an important indicator for tumor staging and subsequent metastasis. Patients with breast cancer who have lymph node involvement usually require the removal of one or few lymph nodes and may suffer the risk of lymphedema. Our study suggests that anti-VEGF-C/VEGFR-3 treatment may particularly benefit patients whose tumors overexpress SIX1, as these patients are likely to have higher rates of lymphangiogenesis. Perhaps more importantly, since SIX1 mediates metastasis by multiple means, including, but not limited to, its ability to promote VEGF-C production and lymphangiogenesis, it may be more attractive to identify means to target SIX1 directly ( Figure 7C ). Because SIX1 is highly expressed during embryogenesis but relatively silent in normal, differentiated adult mammary tissue, one may expect drugs targeting SIX1 to be potent metastasis suppressors while conferring limited side effects. However, our data suggest that such drugs would likely need to target SIX family members globally, rather than SIX1 specifically, since Six2 is elevated in metastases derived from tumors in which Six1 is knocked down. Such redundancy has been observed between Six family members during embryonic development (4, (48) (49) (50) (51) . Upregulation of Six2 has been observed in the mammary glands of Six1 knockout mice, suggesting that it may compensate for Six1 loss during postnatal mammary development (52) , similar to what we observed in tumors in which Six1 was knocked down. Although the role of SIX2 has not been explored in cancer pro-gression, its upregulation has been identified in a bone-metastatic signature using in vivo selection of a metastatic breast cancer cell line (53) . Since we did not observe increased Six2 expression in our 66cl4-Six1 KD cells in vitro, in vivo selection may be critical for compensatory upregulation of Six2. Regardless of the mechanism by which Six2 is expressed in Six1 KD cells, these data suggest a critical role for the SIX family members in metastatic dissemination and pave the way for novel anticancer treatments.
Methods
Animal studies. In the orthotopic model using MCF7-SIX1 cells, 1 × 10 6 cells in 100 μl of growth factor-reduced Matrigel (BD Biosciences) were injected into the fourth mammary fat pad of 5-week-old female nude mice (Taconic), and tumor growth was measured biweekly using calipers. Prior to cell injection, nude mice were implanted with estrogen pellets, as previously described (10) . Mice were sacrificed, and primary tumors were taken for analysis once tumors reached a volume (V) of 2 cm 3 - according to the formula V = 1/2 × W 2 × L, where W represents width, and L represents length. Female Balb/c mice (6 to 8 weeks of age; obtained from National Cancer Institute) were purchased for our orthotopic metastasis model using 66cl4 mammary carcinoma cell lines. 1 × 10 6 cells in 100 μl of DMEM medium were injected into the fourth mammary fat pad. Tumor growth was measured biweekly, as outlined above, using calipers, and mice were sacrificed 40 days after injection or when the tumors reached the same size.
Detection of dissemination. Animals injected with Zsgreen-labeled MCF7-Ctrl or MCF7-SIX1 cells were dissected under the fluorescence dissecting microscope (Olympus SZX12), which allows us to visualize lymph node metastasis. Mice injected with 66cl4 cells tagged with luciferase were monitored using the IVIS 200 Imaging System (Caliper Life Sciences). The mice were anesthetized with isoflurane and imaged 10 minutes after d-luciferin injection (Gold Biotechnology). Quantification was performed using LivingImage software version 2.6. Mice were imaged at days 2, 14, 21, 28, and 38 and then sacrificed at day 40. Lungs from the animals were taken and minced into pieces, treated with collagenase IV and Elastase (Worthington Biochemical), and filtered through 70 μm nylon cell strainers (BD Falcon). Cells were resuspended and plated in serial dilution (1:5, 1:10, 1:50, 1:100, 1:1,000) in DMEM growth medium with 60 μM 6-thioguanine. After incubating the cells for 10 days in culture, the cells were fixed in 95% ethanol and stained with crystal violet to perform colony counts.
Experimental procedures. For details on other experimental procedures, see the Supplemental Methods.
Microarray analysis and statistics. Microarray analysis was performed using the Affymetrix GeneChip HT-U133A, as described previously (10) . Data were deposited in the NCBI GEO database (accession numbers GSE23655 and GSE35314; http://www.ncbi.nlm.nih.gov/geo). Statistical analysis was performed with 2-tailed t test (Prism 3.0), except when otherwise noted in figure legends. Error bars represent the standard error of the mean. P values of less than 0.05 were considered significant. Statistical analysis was done with the help of Anna Baron, our collaborating biostatistician.
Study approval. Animal protocols performed in this work were approved by the Institutional Animal Care and Use Committee at the University of Colorado Anschutz Medical Campus.
